Aim: It remains uncertain whether chronic exposure to particulate air pollution is associated with increased mortality in Japan because Japan has a different distribution pattern of cardiovascular disease and its risk factors compared to Western countries. We investigated the association between longterm exposure to particulate matter (PM) and cardiovascular mortality risk using a representative Japanese cohort. Methods: A total of 7,250 participants aged 30 years and older from 232 districts throughout Japan were followed from 1980 to 2004. We linked the averaged annual concentrations of PM from 1985 to 2004 to each cohort participant who resided in the district at the time of the baseline survey. Study participants were divided into quintiles of average PM concentration. We applied the Cox proportional hazard model adjusting for sex, age, body mass index, blood pressure, total cholesterol, blood glucose, smoking categories, drinking categories, and the municipality population size. Results: During follow-up, there were 1,716 deaths from all causes; 571 from cardiovascular disease, 116 from coronary heart disease, and 250 from stroke. Hazard ratios were not different among the quintiles and those for trend per 10 g/m 3 increase in annual PM concentration were 0.98 (95% confidence interval, 0.92-1.04) for all-cause mortality and 0.90 (95% confidence interval, 0.81-1.00) for cardiovascular mortality. Conclusion: Long-term exposure to PM was not associated with increased cardiovascular mortality risk in this population-based cohort in Japan.
Introduction
There is robust evidence to show that long-term exposure to particulate matter (PM), a complex mixture of particles of various sizes and composition, increased the risk of cardiovascular mortality in North America [1] [2] [3] [4] [5] and Europe [6] [7] [8] [9] [10] . In Japan, one study examined the association between long-term PM and cardiovascular mortality and found a higher cardiovascular mortality in less polluted areas than more heavily polluted areas 11) . The study did not adjust for several cardiovascular risk factors, such as blood pressure level and serum lipid level, because the main goal at the baseline survey of the study was to examine the association between air pollution and lung cancer mortality 11, 12) . It remains uncertain whether chronic exposure to PM is associated with increased cardiovascular mortality in Japan for the following reasons. First, Japan has a different pattern of cardiovascular mortality dis-tribution from that of Western countries. Asian countries including Japan generally have higher stroke mortality and lower coronary heart disease mortality 13) . Additionally, Japan has the lowest coronary heart disease mortality among industrialized countries 14) . This could arise from differences in the prevalence of cardiovascular risk factors. Second, PM levels and its chemical components are different from those in North America and Europe. The variation in chemical components and their mixture of particles among areas may also contribute to the geographic heterogeneity in their health effects.
Aim
In the present study, we investigated the association between long-term exposure to PM and 24-year cardiovascular mortality risk using a representative Japanese cohort of participants in a national survey. Study participants were from 300 randomly selected districts, from all over Japan, and included standardized individual data on cardiovascular risk factors for each participant.
Methods

Participants and Follow-Up
The cohort studies of the National Survey on Circulatory Disorders in Japan are called the National Integrated Project for Prospective Observation of Non-communicable Diseases and its Trends in the Aged (NIPPON DATA). Details of these cohort studies have been reported previously [15] [16] [17] [18] [19] . Briefly, 13,771 participants aged 30 years or older were recruited in 300 areas randomly selected from 855 public health districts throughout Japan by the Ministry of Health and Welfare in 1980 for the National Survey on Circulatory Disorders (Fig. 1A) . The baseline survey included a self-administered questionnaire about lifestyle, history of past illnesses, and medical examinations. All participants were assured the right to refuse participation in this survey. The participation rate in this baseline survey was 76.6% (10,546 of 13,771). Their vital statistics and causes of death were followed up until 2004 using the National Vital Statistics. Of the 10,546 participants, 3,296 were excluded for the following reasons: living in districts over 10 km from PM monitoring stations or missing PM data for more than 8 of the 20 years from 1985 to 2004 (68 districts, n 3,110), or having a past history of coronary heart disease (CHD) or stroke (n 186). The remaining 7,250 participants were included in the analysis.
Biochemical and Physical Examinations
Baseline blood pressure was measured by trained observers using a standard mercury sphygmomanome- 
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ter on the right arm of seated participants after at least 5 minutes of rest. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m 2 ). Public health nurses obtained personal data including smoking and drinking habits. Non-fasting blood samples were drawn, and serum was separated by centrifugation within 60 min of collection and stored at 70 . Blood glucose levels were measured using the cupricneocuproine method. Total cholesterol levels were measured by a sequential autoanalyzer (SMA12/60; Technicon, Tarrytown, NY, USA) using the Lieberman-Burchard direct method at a specific laboratory (presently the Osaka Medical Center for Health Science and Promotion). The precision and accuracy of serum cholesterol were certified by the Lipid Standardization Program administered by the Center for Disease Control and Prevention, Atlanta, GA, US 20) .
Exposure to Particulate Matter
Under the Japanese Air Quality Standard, PM is defined as particles which pass through a size-selective inlet with a 100% cut-off level of 10 m aerodynamic diameter. PM monitored in Japan is theoretically assumed to be particles of less than approximately 7 m diameter with a 50% cut-off level. Hourly measurement of PM concentration was performed using either the beta-ray absorption method, piezoelectric-balance method, or light-scattering method at air-quality monitoring stations all over Japan (Fig. 1B) . To estimate the exposure to PM for each district during the study period, we used annual mean values of PM for each monitoring station, which were calculated using over 6,000 hourly measurements per year. These data were obtained from the National Institute for Environmental Studies (http://www.nies.go.jp/igreen/ index.html). We selected the nearest monitoring station to each public health center of the public health districts using a geographic information system and averaged the annual concentrations of PM for the station from 1985 to 2004. We excluded districts from the analyses when over 40% of annual values were unavailable during the study period or the distance from the corresponding monitoring station exceeded 10 km. Averaged concentrations of PM during the study period were assigned to each cohort participant who resided in the corresponding district at the time of the baseline survey as an index of the exposure to PM. A total of 232 districts in NIPPON DATA80 were included in this analysis.
Endpoints
For deceased participants, the underlying cause of death obtained from the National Vital Statistics I00-I99) were defined according to ICD9 and ICD10 codes. The details of the classification in the present study have been described elsewhere 21) . Permission to use the National Vital Statistics was obtained from the Management and Coordination Agency, Government of Japan. Approval for this study was obtained from the Institutional Review Board of Shiga University of Medical Science (number [12] [13] [14] [15] [16] [17] [18] 2000) .
Statistical Analysis
Study participants were divided into quintiles of average PM concentration. The risk characteristics in the baseline survey were described as the means standard deviation for continuous variables, and proportions for categorical variables. To compare baseline characteristics according to the quintiles, analysis of variance was used for continuous variables and the Chi-square test was used for proportions. Multivariate-adjusted hazard ratios (HRs) by the quintiles for all-cause, CVD, CHD or stroke mortality were calculated using a Cox proportional hazard model adjusted for sex and age (model 1), for age, sex, BMI, systolic blood pressure, serum total cholesterol, blood glucose, cigarette smoking (never smokers, past smokers, smoking ≤ 20 cigarettes per day, smoking 21-40 cigarettes per day or smoking ≥ 41 cigarettes per day), alcohol drinking (daily drinkers or not) (model 2), and for variables in model 2 plus municipality population size (categorized into three groups: 30,000, 30,000-299,999, or ≥ 300,000) (model 3). Dummy variables were used for smoking, drinking and residential districts categories. The lowest quintile of average PM concentration was defined as the reference group. Multivariate-adjusted HRs for a 10 g/m 3 increase in average PM concentration were also calculated by including PM concentration as a continuous variable in the models to observe the linear trend of the relationship. All probability values were two-tailed and all confidence intervals were estimated at the 95% level. A p value of 0.05 was considered significant. The Statistical Package for the Social Sciences (version 14.0J; SPSS Japan, Tokyo, Japan) was used for the analysis.
Results
The 7,250 participants (3,142 men, 4,108 wom-en) were divided into quintiles according to their assigned PM concentration. . Participants in Q5 tended to be younger, have lower blood glucose and a lower current smoking rate, and a higher proportion of daily drinking and of living in large municipalities. The proportion of women, BMI, systolic blood pressure, and serum cholesterol were not significantly different among the quintiles. Table 2 shows the numbers of deaths during follow-up, crude mortalities and multivariate adjusted HRs for all-cause, CVD, CHD and stroke mortality according to the quintiles of average PM concentration. The table also shows HRs for a 10 g/m 3 increase in average PM concentration. During follow-up (137,440 person-years), 1,716 participants died from any cause, 571 from CVD, 116 from CHD, and 250 from stroke.
For all-cause mortality, adjusted HRs were not different among the quintiles. For CVD mortality, adjusted HRs tended to decrease (HR 0.90 in model 2 and 3) for a 10 g/m 3 increase in PM concentration. HRs for CHD mortality showed an approximate U-shaped association with PM concentration. In the multivariate-adjusted model (model 3) for CHD mortality, HR in Q3 was significantly lower (HR 0.55) than in Q1; however, the HR for trend was not different from 1 (HR 0.92 in model 3). HRs for stroke mortality generally showed a decreasing tendency as the quintile of PM concentration rose. In a multivariate-adjusted model (model 2), HR for a 10 g/m 3 increase was significantly low (HR 0.85).
Results were similar when analyses were performed after excluding participants in the northeastern part of Japan, which is rural with high stroke mortality. Results were also similar when we analyzed data for participants from all 300 districts, including districts without monitoring stations within 10 km. Moreover, analyses were repeated for participants aged 60 and over because the elderly are assumed to move residence less frequently than younger participants, and for participants who reside in large municipalities with a population ≥ 300,000. These results were similar to the initial analyses.
The air pollutant level markedly decreased compared with before the study period. In order to compare the exposure level before and during the study period, we plotted the mean concentrations during 1975-1984 and 1984-2004 for PM, sulfur dioxide (SO2), and nitrogen dioxide (NO2) (Fig. 2) . The con- 
Discussion
NIPPON DATA80 comprises participants from 300 districts randomly selected throughout Japan. Using this cohort, which represents the characteristics of the Japanese population, we assessed the long-term effect of exposure to ambient particles on mortality in Japan. In general, we did not observe a significant association between long-term exposure to PM and allcause mortality. Although we found a different pattern of relationships in the analyses of cause-specific mortality, none showed a positive association. Our findings were inconsistent with the results of previous studies conducted in North America and Europe, which showed that long-term exposure to ambient particles was positively associated with mortality [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The Three-prefecture Cohort Study, another study conducted in Japan, also showed an inverse association between cardiovascular mortality and PM, although several cardiovascular risk factors were not adjusted for 11) . The present study has several strengths compared to the Three-prefecture Cohort Study. We used detailed information on individual-level risk factors for cohort members. Previous studies of this cohort have shown that cigarette smoking, 17) hypertension, 15) dyslipidemia, 22) and q wave abnormality on an electrocardiogram 23) were associated with cardiovascular mortality in the Japanese population. We adjusted for cardiovascular risk factors based on the baseline survey data. The risk factors included in the model were systolic blood pressure, serum total cholesterol, and blood glucose as well as age, sex, BMI, and smoking. Additionally, this nationwide cohort had a high follow-up rate 15) . What could make our results different from the findings from North America and Europe? We will discuss several possibilities which could contribute to the differences between our results and previous findings.
First, the difference in the chemical composition of ambient particles may contribute to the variation across areas and countries. Bell et al. suggested that a component or set of components could characterize the health risks of PM, illustrating spatial and temporal variations in the chemical composition of fine PM 24) . Zeger et al. found different estimates of the long-term effects of fine PM on mortality among regions in the United States using a cohort of Medicare participants 5) . An association between exposure to fine PM and mortality was observed in eastern and central regions, but not in the western region of the United States, and argued that regional heterogeneity in effect estimates could result from regional variations in the mixture of chemical components of PM 5) . In Japan, there are few data on the components of PM during the study period. Recent data showed that both the mass concentration and percent contribution of sulfate to the PM total mass is higher in Japan than in the United States 25) . The percent contribution of elemental carbon is also higher in urban areas of Japan than in the United States; therefore, it is possible that the difference in the results of our study could have arisen from the difference in the mixture of chemical composition. Although a few recent studies focused on the effect of short-term exposure to certain PM compositions on mortality [26] [27] [28] , the results were inconsistent. Further studies are needed to examine which component is more influential. Second, differences in the subtypes of CVD mortality may have obscured the association between long-term PM and CVD mortality. Asian countries including Japan have higher stroke mortality and lower CHD mortality than Western countries. While previous studies have shown strong evidence of the adverse health effects of PM on ischemic heart disease mortality [29] [30] [31] , the effect on stroke mortality is inconsistent 30, 31) . In addition, stroke mortality in rural areas of Japan 18) , especially the northeastern region 32) , has generally been higher than in urban areas while PM concentration levels tend to be higher in urban than rural areas. We adjusted for confounding by the urban-rural effect by using a categorical variable based 
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on the population size. We also repeated the analysis for participants residing only in larger municipalities as well as analysis excluding participants from the northeastern part of Japan. Nevertheless, these analyses did not alter the overall results. Third, we excluded districts whose distance from the corresponding monitoring station exceeded 10 km. This exclusion could have influenced the effect estimate. Ambient air measuring stations were set up for the purpose of monitoring and improving air quality; therefore, more measuring stations tend to be located around the urban cities with higher PM concentrations, while there are fewer stations in rural areas where the PM level is low. Indeed, the mean PM concentration in the excluded districts was lower than that in the districts analyzed (28 8.5 vs. 36 8.6 g/m 3 ). We also estimated the effect of PM concentration on mortality using data including all districts and found no substantial difference in estimates.
In this study, we used the PM concentration from 1985 to 2004 for PM exposure because only a few stations were monitoring SPM before 1985; excluding the first 5-year exposure might have caused exposure misclassification. In addition, the marked decrease in PM and co-pollutants before the study period might have led to the apparent inverse association between PM and mortality. We are not sure which time period of exposure is most important for subsequent health outcomes. Determining the critical time period window for exposure is challenging, and the time period of previous reports varied. In the extended follow-up analyses of ACS 33) , Krewski et al. tried to determine the critical time window using three 5-year exposure periods (1-5 years, 6-10 years, and 11-15 years in the past). The results were inconclusive: they found small differences in effect estimates and model fit among the three exposure periods. We also compared mean concentrations of air pollutants during 1985-2004 and 1975-1984 There are several limitations to this study. First, we assumed that PM exposure within the district was uniformly distributed and assigned the PM concentration measured at the nearest monitoring station of each census district to all participants within the district; therefore, we could examine the between-district effect but not the within-district effect. This could have biased our results towards the null. Second, using the baseline information on a participant's address could have been a source of exposure misclassification. Given that participants moved during the follow-up period, the exposure estimate would not reflect the true exposure to PM and this might have obscured the association between mortality and the long-term concentration of PM. Because data on those who moved from their original study area were not available, we repeated the analyses using data restricted to participants aged ≥ 60 based on the assumption that the elderly move less frequently than younger participants. The results obtained from this analysis were similar to the initial analyses. Third, we have no information on occupational exposure to particles and environmental tobacco smoke. Fourth, we did not adjust for confounding by socioeconomic status because individuallevel information on education and household income was not available.
Conclusion
Adverse effects of long-term exposure to PM on cardiovascular mortality were not observed in the present study. Despite the limitations described above, we believe that our results from a representative Japanese cohort are comparable to previous studies in North America and Europe. Our finding provides evidence indicating a regional variation in the association between long-term exposure to particulate air pollution and cardiovascular mortality. Other studies from Asian countries are necessary.
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